The use of in situ restriction endonuclease (RE) (which cleaves DNA at specific sequences) digestion has proven to be a useful technique in improving the dissection of constitutive heterochromatin (CH), and in the understanding of the CH evolution in different genomes. In the present work we describe in detail the CH of the three Rodentia species, Cricetus cricetus, Peromyscus eremicus (family Cricetidae) and Praomys tullbergi (family Muridae) using a panel of seven REs followed by C-banding. Comparison of the amount, distribution and molecular nature of C-positive heterochromatin revealed molecular heterogeneity in the heterochromatin of the three species. The large number of subclasses of CH identified in Praomys tullbergi chromosomes indicated that the karyotype of this species is the more derived when compared with the other two genomes analyzed, probably originated by a great number of complex chromosomal rearrangements. The high level of sequence heterogeneity identified in the CH of the three genomes suggests the coexistence of different satellite DNA families, or variants of these families in these genomes.
Introduction
Constitutive heterochromatin (CH) is a ubiquitous and abundant component of eukaryotic genomes that accounts for~30% of the genome in humans and up to 50% in the kangaroo rat (Dipidomys ordii) (Singer, 1982; Dimitri et al., 2004 Dimitri et al., , 2005 Rossi et al., 2007) . The similarity in the genetic and molecular properties of CH among plants and animals, led to the traditional view of this genome fraction as a "genomic wasteland" or a repository of "junk" DNA (John, 1988) . Nowadays this idea is becoming obsolete; in fact, in the past two decades molecular genetics studies have implicated CH in important cellular functions, in a remarkable structural and functional basis (Dimitri et al., 2004 (Dimitri et al., , 2005 Corradini et al., 2007; Rossi et al., 2007) .
Constitutive heterochromatin can occur as large blocks or discrete C-positive bands in any part of a chromosome, but is most commonly found in large blocks near the centromere Probst and Almouzni, 2008) . Satellite DNA, the main constituent of this genomic fraction, usually occurs in the centromeric region of chromosomes (Chaves et al., 2000) , but is also frequently found at telomeres (Shore, 2001) . The occurrence of CH at interstitial positions is much less common, although large blocks of interstitial CH have been found in the large chromosomes of some insects (John et al., 1985) , plants (Bauchan and Hossain, 1999) and some mammals (Santos et al., 2004; Adega et al., 2007; Meles et al., 2008) .
Although present in almost all eukaryotes, the sequence and chromosomal organization of CH is not well conserved among species. Indeed, there is strong evidence for the sharing of homologous satellite DNA sequences by closely related species (Waye and Willard, 1989; Jobse et al., 1995; Lee et al., 1999; Saito et al., 2007) , with species-specific sequences of satellite DNA occurring in almost all taxonomic groups (Slamovits and Rossi, 2002) .
It seems reasonable to accept that the presence of CH facilitates the occurrence of chromosome rearrangements, as it is in accordance with several authors that consider CH as hotspots for structural chromosome rearrangements (Yunis and Yasmineh 1971; Peacock et al., 1982; John, 1988; Chaves et al., 2004b) . Wichman et al. (1991) postulated that rapidly evolving families or variants of satellite DNA can promote chromosomal rearrangements via of their intragenomic movements among non-homologous chromosomes and between different chromosomal regions such as centromeres, arms and telomeres.
Sequences of CH can be easily detected by the preferential "loss" of DNA from non-C-band regions of chromosomes (Comings, 1973; Pathak and Arrighi, 1973) , achieved by conventional C-banding, involving depu-rination and denaturation of chromosomal DNA (Arrighi and Hsu, 1971; Sumner, 1972) followed by its extraction during incubation in a saline solution (Holmquist and Dancis, 1979; Verma and Babu, 1995) . Nevertheless other analytical methodologies are indispensable when a detailed molecular characterization of CH is the central issue. The use of in situ restriction endonuclease (RE) digestion proved to be a very useful technique in improving the dissection of CH, and in the understanding of the CH evolution in different genomes (Gosálvez et al., 1997; Pieczarka et al., 1998) . Besides the ability of REs followed by Cbanding in demonstrating the C-heterochromatin heterogeneity (Rocco et al., 2002; Schmid et al., 2002; Chaves et al., 2004b; Adega et al., 2005) .
In this work, we used seven restriction endonucleases followed by C-banding to study the heterochromatin of three Rodentia species, Cricetus cricetus, Peromyscus eremicus (family Cricetidae) and Praomys tullbergi (family Muridae). In rodents' chromosomes, in situ REs digestion was only applied without sequential C-banding and only in Microtus savii (Galleni et al., 1992) , species from the genus Reithrodontomys (Van Den Bussche et al., 1993) (family Muridae) and from the genus Ctenomys (family Octodontidae) (García et al., 2000a (García et al., , 2000b . The approach used here allowed a detailed CH characterization in terms of its location, detection of different CH subclasses, and revelation of its molecular composition.
Materials and Methods

Chromosome preparations
The material analyzed consisted of chromosomal preparations of Cricetus cricetus (CCR), Peromyscus eremicus (PER) and Praomys tullbergi (PTU), prepared from fibroblast cell lines obtained from the cell and tissue collection maintained at the Department of Systematics and Evolution, Muséum National d'Histoire Naturelle (MNHN), Paris. Standard cell culture was followed as described elsewhere (Chaves et al., 2004a) in order to prepare fixed chromosome spreads.
GTD-banding
Air dried slides were aged at 65°C for 5 h or overnight and then subjected to standard G-banding procedures with trypsin (Seabright, 1971) . The same slides were subsequently fixed with formaldehyde and used for C-banding (Chaves et al., 2002) . Slides were stained with DAPI for a better contrast. The inversion of the DAPI color in Adobe Photoshop (version 7.0) revealed the chromosomes G-banding pattern (GTD-banding, G-bands by trypsin with DAPI).
In situ RE digestion
Air dried slides were aged at 65°C for 6 h and then submitted to in situ restriction enzyme (RE) digestion. The seven restriction enzymes used (AluI, ApaI, BamHI, DraI, HaeIII, PstI and RsaI) were diluted in buffers indicated by the manufacturer (Invitrogen Life Technologies) to give final concentrations of 30U per 100 mL of solution. One hundred microliters of the desired solution was placed on slides that were then covered with coverslips and incubated in a moist chamber for 16 h at 37°C. Control slides were incubated only with buffer under the same conditions. Prior to C-banding, the slides were fixed with formaldehyde. Finally, the slides were stained with DAPI (the inversion of the DAPI color revealed the RE-banding). The residual bands obtained after the endonuclease digestion were suitable for chromosome identification and karyotype organization.
CBP-banding sequential to G-bands or RE-bands
The C-banding technique was performed sequentially to G-bands or to RE banding and was carried out after distaining the slides. CBP-banding (C-bands by barium hydroxide using propidium iodide) was done using the standard procedure of Sumner (1972) , but with propidium iodide as counterstain. The results presented below are representative of at least 35 metaphases from at least five independent experiments done for each endonuclease.
Chromosome observation
Chromosomes were observed with a Zeiss Axioplan 2 imaging microscope coupled to an Axiocam digital camera with AxioVision software (version Rel. 4.5). Digitized photos were prepared for printing in Adobe Photoshop (version 7.0); contrast and color optimization were the functions used and affected the whole of the image equally.
Results and Discussion
The karyotype of Cricetus cricetus has 22 chromosomes, being the first description performed by Matthey (1952) . This karyotype is composed by five meta/submetacentric chromosome pairs, four submetacentric and one acrocentric, being the X chromosome a large meta/submetacentric. The karyotype of Peromyscus eremicus has 48 chromosomes, in agreement with the initial description by Hsu and Arrighi (1966) . In this species, all of the chromosomes are submetacentric, being the X chromosome a large submetacentric and the Y a small submetacentric. The karyotype of Praomys tullbergi has 34 chromosomes in which all of the autosomes are acrocentric, the Y chromosome is a small acrocentric and the X chromosome is a large submetacentric (Matthey, 1958; Qumsiyeh et al., 1990; Capanna et al., 1996; Meles et al., 2008) . The first description of this karyotype was reported by Matthey (1958) .
The action of all seven different REs and REs+C-banding on Cricetus cricetus, Peromyscus eremicus and Praomys tullbergi chromosomes are presented in Figures 1, 2 and 3, respectively. The residual bands seen after digestion with endonucleases AluI, ApaI, BamHI, DraI, HaeIII, PstI and RsaI (left column for each enzyme shown in Figures 1-3 ) are mainly G-like and suitable for chromosome identification. Although each restriction endonuclease was expected to yield a specific banding pattern, in practice most of the banding patterns overlapped. Nevertheless some endonucleases (e.g. ApaI, PstI and RsaI in chromosomes of Cricetus cricetus, BamHI, PstI and RsaI in Peromyscus eremicus and HaeIII, PstI and RsaI in Praomys tullbergi) produced a higher banding contrast. AluI was, perhaps, the used enzyme that produced the smallest number of bands but the higher contrast banding pattern. It is important to refer that the banding patterns produced by each RE are reproducible and can be used in sequential experiment procedures without loss of chromosome morphology (Chaves et al., 2002; Adega et al., 2005) .
In a general overview, the C-positive heterochromatin (Figures 1-3 , right chromosome in each column, showing control C-banding and RE+C-banding) is mainly found at the centromeres of most chromosomes, although some C-bands can also be seen at interstitial and telomeric locations. In the individuals analyzed, some heterochromatin polymorphism of minor significance were detected, i.e., variation in the banding patterns of homologous chromosomes of the same pair, as also reported for pig (Adega et al., 2005) and some Tayassuidae species (Adega et al., 2007) chromosomes. The heterochromatin polymorphisms detected in the chromosomes of the studied species were not considered for the analysis relatively to the characterization of CH here presented, because they might not be representative of the population.
At least three major classes of CH were identified in the species studied in this work: (peri)centromeric, interstitial and telomeric (Figures 1-3) . With RE+C-banding treatment, these major C-positive heterochromatin blocks could be discriminated in at least 26 C-positive heterochromatin subclasses in the autosomal complement of Cricetus cricetus [seven in (peri)centromeric regions, 13 in interstitial regions and six in telomeric regions] and three Cpositive heterochromatin subclasses in the CCRX chromosome [one (peri)centromeric and two in interstitial regions] (cf. Figure 1) . In Peromyscus eremicus chromosomes (Figure 2) , the RE+C-banding treatment discriminated at least 26 C-positive heterochromatin subclasses in the autosomal complement [seven in (peri)centromeric regions, 13 in interstitial regions and six in telomeric regions], three Cpositive heterochromatin subclasses in the PERX chromosome (one in the centromeric region and two in interstitial regions) and two in the PERY chromosome (one centromeric and one subtelomeric). Finally, in Praomys tullbergi, the RE+C-banding treatment (Figure 3 ) discriminated the major C-positive heterochromatin blocks into at least 45 C-positive heterochromatin subclasses in the autosomal complement (two in centromeric regions, 35 in interstitial regions and eight in telomeric regions), four C-positive heterochromatin subclasses in the PTUX chromosome (one in the centromeric region and three in interstitial regions) and three in the PTUY chromosome (one in the centromeric region and two in interstitial regions).
Constitutive Heterochromatin (C-positive heterochromatin) characterization in Cricetus cricetus
Control experiment (G+C-banding) show that all the chromosomes of Cricetus cricetus exhibit large (peri)centromeric C-bands that in most cases consist of two blocks of CH (exception goes to CCR7, CCR8 and CCR10 chromosomes which show only one block of CH). Notice the very large centromeric CH block of the only acrocentric chromosome of the karyotype, CCR7. All the chromosomes except CCR3, CCR8 and CCR10 exhibit interstitial C-positive heterochromatin. Telomeric C-bands can be seen on chromosomes CCR1, CCR3, CCR5, CCR6, and CCR9.
Incubation of this species chromosomes with restriction endonucleases followed by C-banding revealed Cbands heterogeneity (Figure 1 ), being verified that (peri)centromeric, interstitial or telomeric C-bands present a different molecular nature, exhibiting different restriction patterns when submitted to the same panel of REs. This is not surprising as similar results have been reported for other species (Babu, 1988; Fernández-García et al., 1998; Chaves et al., 2004b; Adega et al., 2005 Adega et al., , 2007 .
The arrowheads in Figure 1 indicate C-bands revealed only after RE treatment (cryptic C-bands). Of the endonucleases used here, BamHI+C-banding was the one that produced the most evident effect in CH sequences of the Cricetus cricetus chromosomes. See for instance chromosomes CCR7, CCR8, CCR9 and CCR10, being observed less intense bands in comparison with the control chromosomes. This enzyme, along with ApaI+C-banding and RsaI+C-banding, produced the partition of the (peri)centromeric CH band at chromosomes CCR7 and CCR10 into two distinct CH blocks, thus revealing the occurrence of two instead of one (peri)centromeric CH block [bands identified with an asterisk in Figure 1 ]. Some enzymes seem to have a drastic effect resulting in a more accentuated contrast pattern in the (peri)centromeric regions of some chromosomes. See, for example, chromosomes CCR1 and CCR6 with DraI+C-banding, CCR5 with BamHI+C-banding, CCR9 with BamHI+C-banding and DraI+C-banding.
Constitutive heterochromatin (C-positive heterochromatin) characterization in Peromyscus eremicus
In the control experiment (G+C-banding) the majority of Peromyscus eremicus chromosomes exhibit large (peri)centromeric C-bands (Figure 2, left column) , and in some of these chromosomes, the C-banding spreads from the centromeric region to the p arm telomere, apparently covering all the p arm, e.g., chromosomes PER9 and PER17. In some chromosomes, this band seems to be split in two C-bands, one clearly centromeric and the other covering the chromosome p arm (chromosomes PER2, PER3 Paço et al. 61 The situation observed in the PERY is not usual for most of the mammals' species, once this chromosome is usually the more heterochromatic of the whole complement. Some of the chromosomes exhibit C-bands at interstitial locations, presenting chromosome PERX the highest number of these bands (at least six). Telomeric C-bands can be observed in some chromosomes of this species, e.g., PER6, PER11, PER12, PER15 and PER16 (Figure 2 ).
When C-banding was applied after in situ REs digestion to the chromosomes of this species, it was possible to verify that its CH shows some degrees of heterogeneity (Figure 2 ). The arrowheads in Figure 2 indicate C-bands revealed only after treatment with endonucleases (cryptic C-bands). From the REs used in this work, RsaI+C-banding, PstI+C-banding and BamHI+C-banding, were the enzymes that revealed the greatest number of CH bands not previously detected by the control G+C-banding.
In a general analysis, AluI was the enzyme that produced the most divergent effects on the CH of Peromyscus eremicus chromosomes. In some cases, such as in chromosomes PER1 and PER6, some C-bands seem to have undergone a greater reduction or even have, apparently disap- Paço et al. 63 peared when compared with control experiment, while in other cases, such as chromosomes PER7 and PER16, the CH was apparently unaffected by treatment with this enzyme. The p arms CH of PER2, PER3 and PER4 chromosomes are particularly interesting in what respects to its molecular nature. In these heterochromatic arms the CH reveals a high heterogeneity, what is verified by the different restriction patterns produced by the enzymes at these CH regions. For instance in the p arm of PER 2 there were recognized two C-bands in the control G+C-banding; after AluI+C restriction a lesser intensity of one of these bands was observed and ApaI+C-banding and HaeIII+C-banding seem to reveal an extra C-band, by splitting one of the previous in two [bands evidenced with an asterisk (*) in Figure 2] .
Constitutive heterochromatin (C-positive heterochromatin) characterization in Praomys tullbergi
From the studied species, Praomys tullbergi ( Figure  3 ) is the one whose chromosomes exhibit the lower amount of centromeric CH in the control experiment (G+C-banding). In some chromosomes, centromeric CH is almost as abundant as interstitial CH, in contrast to the observed for the majority of the chromosomes from the other species here analyzed. However, the chromosomes PTU5 and PTU10 in the control experiment, present a small centromeric CH band and apparently do not reveal interstitial bands. The majority of the chromosomes display several interstitial CH bands, presenting the chromosomes PTU1 and PTU2 the greatest number of these bands. Telomeric C-bands are clearly distinguishable in some chromosomes, e.g., chromosomes PTU10, PTU12 and PTU15. The PTUX chromosome presents three distinct classes of CH, centromeric, interstitial and telomeric. PTUY chromosome exhibits a centromeric band and two interstitial C-bands.
When C-banding was applied after in situ REs digestion to the chromosomes of this species, it was possible to verify that its CH shows some degrees of heterogeneity, just as it was described for the other two rodent species studied in this work. AluI+C-banding produced the higher contrast between the centromeric versus interstitial/telomeric CH classes; digestion with AluI greatly decreased the interstitial/telomeric CH while, simultaneously, evidenced the centromeric heterochromatin. See for instance, chromosomes PTU15 or PTU16, whose centromeres showed in the control G+C-banding an almost absence of CH, and after the AluI+C-banding the centromeres showed large centromeric CH blocks. Digestion with DraI seems to highlight the telomeric CH after C-banding, e.g., chromosomes PTU7 and PTU16. RsaI+C-banding seems to produce the most similar results with the control G+C-banding, however also discriminating cryptic C-bands, such as the ones observed in chromosomes PTU4, PTU5, PTU10 or PTUX.
Other endonucleases also disclosed cryptic C-bands, especially DraI+C-banding, BamHI+C-banding or HaeIII+C-banding.
These special bands are very interesting from the CH molecular nature point of view, since their disclosure is probably dependent on sequence modifications (not yet clearly understood) induced by the REs, leading for instance, to an increase of the stain capacity to bind a specific chromosome region (Gosálvez et al., 1997; Nieddu et al., 1999; Chaves et al., 2004b) . Whatever the mechanism behind these sequences modification, RE digestion triggers it, revealing "hidden" C-bands. Curiously, and from several different works in different species, these sequences not detected by classical C-banding have proven to correspond to clinical (Sus scrofa, Adega et al., 2005) or evolutionary breakpoints (Tayassuidae, Adega et al., 2007) .
Inter-species constitutive heterochromatin (C-positive heterochromatin)
A general comparison of the amount, distribution and molecular nature of C-positive heterochromatin in the three Rodentia species, suggests that the CH of these karyotypes is extremely different. Evidence comes from the detailed combined analysis of the different REs+C-banding patterns disclosed on the karyotypes of these species. The application of a seven REs panel to the chromosomes of three different rodent species, Cricetus cricetus, Peromyscus eremicus (Cricetidae) and Praomys tullbergi (Muridae), allowed a characterization of its CH and the recognition of its molecular heterogeneity. These results are a clear reflex of the different C-positive heterochromatin composition of these karyotypes, possible to observe by the different REs actions on the respective chromosome's bands.
Cricetus cricetus has an almost entirely meta/submetacentric karyotype (with only one acrocentric pair), with the CH primarily located in (peri)centromeric regions. Most of the chromosomes in this species exhibit two very large blocks at (peri)centromeric location, which suggested the occurrence of dicentric Robertsonian translocations or, alternatively, heterochromatin additions during the course of this karyotype evolution. The other Cricetidae species, Peromyscus eremicus, has a very distinct karyotype that comprises only submetacentric chromosomes. This karyotype also displays great amounts of CH, especially located at the (peri)centromeric regions, being the p arms of some chromosomes composed entirely by this repetitive component of the genome. The heterochromatin of p arms revealed a great heterogeneity, what implies a different molecular composition, which is certainly indicative of the coexistence of different satellite DNA families or variants at these chromosome regions.
The species Praomys tullbergi, with a complete acrocentric autosome complement, it is the one whose chromosomes exhibit the lower amount of centromeric CH in the control experiment (G+C-banding), and in some cases, in- 64 Heterochromatin characterization in Rodentia terstitial heterochromatin is almost as abundant as centromeric heterochromatin. This uniform and scattered distribution, together with the higher number of CH subclasses identified in Praomys tullbergi chromosomes (52 subclasses) suggests that this species has a more derivative karyotype than the other two genomes analyzed, probably originated by a great number of complex chromosomal rearrangements. This is based on the assumption that heterochromatic rich regions act as hotspots for the occurrence of chromosome rearrangements (Yunis and Yasmineh, 1971; Peacock et al., 1982 , John, 1988 Chaves et al., 2004b) , either by promoting the chromosome structural rearrangements that reshape karyotypes or by being fragile regions prone to chromosome breakage, and consequently to chromosome rearrangement, representing remnants of these events. The suggestion that the karyotype of Praomys tullbergi was originated by the occurrence of a high number of complex chromosomal rearrangements is supported by the work of Meles et al. (2008) , where it was detected telomeric interstitial sequences in several chromosome arms of this species, probably the result of tandem fusions.
Finally, it is worth mentioning the value of in situ RE digestion with sequential C-banding as an alternative tool for the study of Rodentia chromosomes CH, especially when other techniques are not available, as fluorescent in situ hybridization with different repetitive sequences.
